Abstract. A miniature ion trap mass spectrometer with capillary direct sampling and vacuum ultraviolet photoionization source was developed to conduct trace analysis of organic compounds in liquids. Self-aspiration sampling is available where the samples are drawn into the vacuum chamber through a capillary with an extremely low flow rate (less than 1 μL/min), which minimizes sample consumption in each analysis to tens of micrograms. A pulsed gas-assisted inlet was designed and optimized to promote sample transmission in the tube and facilitate the cooling of ions, thereby improving instrument sensitivity. A limit of detection of 2 ppb could be achieved for 2,4-dimethylaniline in a methanol solution. The sampling system described in the present study is specifically suitable for a miniature photoionization ion trap mass spectrometer that can perform rapid and online analysis for liquid samples.
Introduction
M ass spectrometry (MS) is one of the most popular modern analytical methods because of its high sensitivity, high selectivity, and powerful ability to generate qualitative and quantitative data. To meet increasing demands of rapid and on-the-spot analysis, miniaturization and portability have recently become major areas of mass spectrometer development [1] [2] [3] . Miniature mass spectrometers are necessary in environmental monitoring, public security, and food safety, which require in situ and real-time analysis [4] [5] [6] . Over the past two decades, scientists have developed different types of miniature mass spectrometers [7] . Studies on the miniaturization of mass spectrometers, from the miniaturization of mass analyzers in the early years to whole instrument integration and total MS analytical systems, have resulted in numerous advancements and various excellent miniature mass spectrometers, including the Mini-series ion trap devices developed at Purdue University [8] [9] [10] , Guardion-7 [6] , Hapsite ER [11] , HPMS [12] , Miniature TOF-MS developed at Johns Hopkins University [13] [14] [15] , triple quadrupole MS of Microsaic Systems [16] .
Mass analyzer and ionization source are two of the key components of mass spectrometers because they can determine the performance and application. Of the different types of mass analyzers, the ion trap analyzer has inherent advantages for miniaturization because of its high sensitivity, modest vacuum requirements, and intrinsic MS/MS capabilities. In particular, the rectilinear ion trap (RIT) [17] combines the high performance of linear ion trap [18, 19] with the geometric simplicity of cylindrical ion trap [20] [21] [22] [23] , thereby facilitating fabrication, installation, and daily maintenance. For the ionization source, an electron impact (EI) ionization source was generally adopted in early miniature mass spectrometers [24, 25] . The advent of discontinuous atmospheric pressure interface (DAPI) [26] enables the coupling of miniature mass spectrometers with atmospheric pressure ionization sources, including electrospray ionization (ESI) [27] , desorption electrospray ionization (DESI) [28] , low-temperature plasma (LTP) [29] , and various ambient ionization sources, thereby substantially expanding the application fields of the instruments.
EI source together with membrane inlet sampling is commonly employed in current mass spectrometers [30] [31] [32] . However, the mass spectra generated by these instruments generally contain numerous fragment ion peaks that cause spectral interference. In this instance, photoionization becomes an alternative ionization source for organic analysis because of its selective ionization ability, high molecular ion yield, and low degree of fragmentation [33] [34] [35] [36] [37] [38] . Additionally, a vacuum ultraviolet (VUV) photoionization appears to be extremely suitable for field-portable analysis because it can be used in a wide range of pressure and its power consumption is low [39] . Mühlberger et al. [40, 41] developed some compact VUV-MS devices with a limit of detection (LOD) of tens of ppbv for certain substituted benzenes. Xue et al. [42] recently reported a hand-portable digital linear ion trap mass spectrometer, in which a membrane sample inlet system and a VUV source are employed for gaseous VOC analysis. In addition to the common membrane inlet method, introduction of gas and liquid samples for MS analysis can also be implemented by direct capillary sampling [43] , which has some characteristics such as simple structure, small sample consumption, and probably no species discrimination. Furthermore, no syringe pump is needed because of its self-aspirating ability that makes it especially suitable for portable applications.
In this study, a miniature ion trap mass spectrometer based on direct capillary sampling and VUV photoionization was constructed and used to rapidly analyze trace organic compounds in liquids. Specifically, a pulsed carrier-gas inlet was used and characterized to improve instrument sensitivity. An initial application was conducted to analyze organic compounds in cigarette smoke collected in methanol solution.
Experimental
Instrumentation Figure 1a shows the schematic of the developed miniature photoionization ion trap mass spectrometer, which mainly includes a vacuum system, sample inlet system, VUV source, RIT mass analyzer, and ion detector. The vacuum was maintained using a diaphragm pump (MVP 015-2; Pfeiffer Vacuum Inc., Asslar, Germany) and turbo molecular pump (HiPace 10; Pfeiffer Vacuum Inc., Asslar, Germany). The pressure was then measured by a compact full range vacuum gauge (PKR 251, Pfeiffer Vacuum Inc., Asslar, Germany).
A capillary inlet system with a pulsed carrier-gas injection was designed. It comprised a liquid sample inlet channel and gas-flow channel, which were connected by a PEEK high pressure tee assembly. By the pull of vacuum, liquid samples were directly drawn into the chamber through a fused-silica capillary with an inner diameter (i. A krypton discharge vacuum ultraviolet lamp (PKS 106; Heraeus Inc., Germany) with an energy of 10.6 eV and photon flux of~10 11 photons/s was mounted close to the end electrode with a center hole (1 mm i.d.) to irradiated the inner area of the RIT. The lamp was powered by a constant current source at stable operating current of 0.8 mA and working voltage of 270 V, corresponding to a power consumption of~0.2 W. Compounds with ionization energy lower than 10.6 eV were ionized inside the RIT, and the generated ions were immediately captured, scanned, and detected. This internal ionization structure prevents the use of ion optical lens, but the number of ions within the trap cannot be controlled and space charge may exist in some analyses. Fortunately, the photoionization source is an appropriate choice in the current study because it has relatively low total ion yield due to its selective ability. In addition, solution samples containing a solvent with high ionization energy (e.g., water and ethanol) are preferred in this condition.
The size of the RIT was x 0 = 5 mm, y 0 = 4 mm, and z 0 = 43.2 mm. The radio frequency (rf) and auxiliary alternating current (AC) signals were applied on the y and x electrodes, respectively. An electron multiplier (EM, 5903 MAGNUM; Photonis USA Inc.) was used as the detector with a typical operating voltage of 1000 V (the maximum is 3000 V). The detected signal was amplified by a low noise current amplifier (DLPCA-200; FEMTO Inc., Pfullingen, Germany) and acquired by a data acquisition (DAQ) board with a 16-bit sampling accuracy and sampling rate of 2 MSPS. The acquisition data was processed by a remote computer to generate a regular mass spectrum.
In this study, mass analysis experiments were performed using standard mass-selective instability rf scanning with resonance ejection mode [17, 44] , the time sequence of which is shown in Figure 1b . The rf frequency used was 920 kHz, and the AC frequency was 315.2 kHz. The mass scan rate was approximately 5000 Da/s. 
Sample Preparation
Methanol (99.7%), ethanol (99.7%), acetonitrile (99.8%), toluene (99.5%), xylene (99.5%), anisole (98.0%), and 2,4-dimethylaniline (99.0%) used in this study were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Each compound was directly dissolved in methanol to obtain the individual stock solution at 1000 ppm for the preparation of the standard samples. These standard samples were then diluted gradually to acquire a series of solutions with different concentrations. Unless otherwise specified, the solutions were diluted with methanol. All the experiments were conducted at room temperature.
Results and Discussion

Sample Flow Rate Test
The sampling rate is evidently a critical factor in the determination of system sensitivity. Thus, the flow rate of a liquid drawn into the chamber via the capillary was explored. The difference between solvent weights before and after a 1-h sampling period was measured first and then derived by the solvent density to calculate the flow rate value. The weight loss due to solvent evaporation was subsequently compensated using a parallel solvent that was not sampled. Several common solvents, including methanol, ethanol, acetonitrile, and pure water have been tested, and the acquired rates were approximately 568, 528, 443, and 90 nL/min, respectively.
In our miniature MS device, direct sampling of liquids significantly enhanced pressure in the vacuum chamber (Figure 2a ) because the samples were rapidly vaporized and expanded. An intrinsic relationship between the chamber pressure and sampling rate is evident in a given solvent. The solvents were continuously sampled for 24 h to evaluate the stability of the sampling process. As shown in Figure 2b , the pressures were recorded once per minute, and the relative standard deviations (RSDs) at all pressure variations throughout the entire period were less than 1%, indicating that capillary sampling has long-term stability.
Optimization of Pulsed Carrier-Gas Inlet
A pulsed carrier-gas inlet was developed and used to improve the performance of the capillary sampling system. Although this device was similar to the DAPI interface, it was used for the introduction of gas rather than ions. As shown in Figure 3a , a liquid sample was introduced into the inlet tube through the capillary, and pulsed air was injected into the inlet tube at a high flow rate; t open is the pulse width of signal for controlling the pinch valve opening, whereas L indicates the distance from the exit of the capillary to the exit of the inlet tube. Figure 3b shows the changes in chamber pressure after the valve was opened for different t open values. The effect of t open on ion signal was examined, and air was used as the assisted gas and 500 ppm of 2,4-dimethylaniline was used as the sample here. The relationship between the spectral peak intensity of molecular ion C 8 H 11 N + and t open is illustrated in Figure 3c . The experiments showed that when t open < 6 ms, the pinch valve remained closed, and the peak intensity was relatively low and stable. At this stage, no air was introduced and only the samples were transferred into the RIT via free diffusion. In the current inlet system, the amount of injected air has no influence on the sampling volume of the analyte but affects other processes, such as sample transfer, ionization, and MS analysis operation. When t open > 6 ms, the pinch valve started to work and air was introduced into the vacuum chamber, thereby facilitating the trapping and cooling of ions in the RIT. As t open continued to increase, the elevated pressure inside the trap increased the collisions between the ions and air molecules. Thus, the trapping and storage of ions can be effectively improved to enhance signal intensity [44, 45] . Ion intensity started to decline when t open exceeded a certain value (approximately 10 ms) in our experiments. This effect is possibly due to the reduced capture efficiency of the produced ions for the trap. Excessive injection of air can cause enormous gas turbulence inside the trap and enhance ion kinetic energy [46, 47] , both of which have a negative effect on ion detection and lower the confinement force of the rf field and axial electrical field, respectively. The trapped ions may either hit the rectangular electrodes when the gas turbulence becomes stronger or escape from the trap through the hole on the end electrode when they become too energetic to be captured by the RIT end electrode.
Furthermore, the length of L influences signal intensity. The relationship between peak intensity and L nearly exhibited linearity, as shown in Figure 3d , when t open was set to 10 ms and the other parameters were unchanged. As t open maintained constant value, the air pressure corresponding to different L values was nearly the same such that its influence on ion intensity was negligible when the tubes were changed. Enhancement in ion intensity was likely due to the enrichment effect of the inlet tube, that is, the sampled analytes were freely diffused prior to gas injection and distributed along the tube. When the valve was opened, most of the analytes in the inlet tube were pushed into the RIT by the pulsed airflow. In this case, the cumulative amount of analytes was determined mainly by L. Such airflow not only served as a piston that compresses the gas samples but also as a guide that brings the analytes into the trap, thereby increasing the amount of analytes in the trap.
The choice of buffer gas has strong influence on the performance of an ion trap mass spectrometer. The collision between ions and light buffer gas molecules (e.g., helium) is mild, which promotes ion cooling and hence has a positive effect on sensitivity and resolution but small influence on ion ejection. When a heavy buffer gas (e.g., argon) was used, collision leads to substantial energy loss and scattering effect, which is unfavorable for ion ejection. Therefore, heavy gases are often applied to enhance ion collision-induced dissociation in tandem mass analysis [48] . In this study, common buffer gases were separately used to conduct a pulsed gas-assisted inlet experiment, and Figure 4a shows the relationship between ion intensity and t open when different gases are used.
Although photoionization commonly produces molecular ions, some fragment ions were observed when relatively heavy buffer gases, such as nitrogen, air, and argon, were used. Figure 4b and c show the mass spectra when helium and air were used as buffer gases, respectively. The spectrum obtained when helium was used showed only the peak for the molecular ion C 8 H 11 N + ; by contrast, the spectrum obtained when air was used displayed an m/z 106 ion peak that corresponds to C 7 H 8 N + , which is the fragment ion of 2,4-dimethylaniline. The presence of a buffer gas with a certain mass and pressure apparently leads to collision-induced fragmentation of some molecular ions in the trap. The results clearly show that helium was the most suitable buffer gas because it exhibited the highest detection sensitivity and caused no fragmentation. However, mounting a helium gas cylinder is not practical for miniaturization. Thus, the use of air as buffer gas is possibly more appropriate for a miniature instrument; moreover, the buffer gas can be replaced to suit the requirements of a specific application.
Instrument Performance Test
After optimizing the inlet system, we used the instrument for qualitative and quantitative analysis of liquid samples. To improve the performance of the instrument, the operating voltage of EM was increased to 1800 V, and the mass spectra were averaged five times for each analysis. A mixed methanol solution containing toluene, xylene, anisole, and 2,4-dimethylaniline was prepared for the test, with air as buffer gas. Figure 5a shows the mass spectrum of this solution, indicating a multicomponent analytical capability of the instrument. In addition, the quantitation performance and LOD were evaluated by analyzing a series of 2,4-dimethylaniline solutions with concentrations ranging from 10 ppb to 1 ppm. The calibration curve is shown in Figure 5b , and the inset shows a typical spectrum of 10 ppb solution; additionally, the correlation coefficient of regression is 0.9978. The results show that an LOD of lower than 2 ppb (calculated using three times the standard deviation of background noise) was obtained by using the instrument. Moreover, given that each analysis can be accomplished within several seconds and that the dead volume of the sampling path is extremely low, the total sample consumption is generally lower than 100 nL (roughly 100 μg), demonstrating that the MS system involving direct capillary sampling is an ultrasensitive tool for liquid analysis.
Application of the Instrument in Analysis of Compounds in Cigarette Smoke
In addition to its application in solution analysis, the instrument is also capable of analyzing the gaseous samples in two ways. As a direct way, analytes are introduced into an MS chamber either through a capillary with a large inner diameter or through a gas inlet of a pinch valve ( Figure 1a) ; the analytes are subsequently ionized and detected. This approach is a common strategy and can be used in our instrument (discussion not included here). Additionally, capillary sampling can also be used for gas analysis based on some suitable sample preparations to set up an indirect way. For example, the gaseous samples are first collected and enriched using an appropriate solution and then measured by the instrument. Based on this approach, an initial application was developed to analyze the compounds in cigarette smoke by using VUV-RIT-MS. Figure 6 shows the obtained mass spectrum and the experimental setup in which a centrifuge tube filled with methanol was used to collect only the organic components of the smoke from an ordinary cigarette. Given that the composition of a smoke is undoubtedly complex, identifying all the peaks in the spectrum is difficult. However, the result is quite similar to the spectra obtained through direct analysis of cigarette smoke by using a single-photon ionization time-of-flight mass spectrometer [49, 50] .
Conclusions
In this study, a miniature photoionization ion trap mass spectrometer with capillary inlet was built and used in conventional analysis of organic compounds. By using a special gas inlet device, pulsed buffer gas was introduced into an RIT analyzer to facilitate sample transfer and ion cooling, thereby improving the sensitivity of the instrument. The instrument enables rapid detection of organic compounds in gases and liquids and it demonstrates selectivity to a certain extent. The acquired spectra are easy to resolve because air background interference and fragment ions are generally eliminated. Moreover, capillary sampling presents two outstanding merits, namely, selfaspirating ability and ultra-low sample consumption. Direct analysis of liquids via such method is applicable in our miniature MS system, and such approach is apparently an alternative strategy for traditional membrane sampling. Part per billion-scale detection and microgram-scale sample consumption were achieved in liquid analysis. Moreover, an indirect protocol based on solution collection from gases was proposed for organic measurement. This methodology can broaden the applications of our VUV-RIT-MS instrument and should be further extended to other MS devices.
